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Cortical collecting tubule potassium secretion: Effect of
amiloride, ouabain, and luminal sodium concentration
CHARLES S. WING0
Division of Nephrology, Department of Medicine, University of Florida, and Nephrology Section, Veterans Administration Medical Center,
Gainesville, Florida, USA
Cortical collecting tubule potassium seeretion: Effect of amiloride,
ouabain, and luminal sodium concentration. The present study examined
the effect of sodium transport inhibition by amiloride, ouabain, and
luminal sodium removal on potassium secretion in isolated cortical
collecting tubules from adrenalectomized and DOCA-stimulated rab-
bits. Collecting tubules from adrenalectomized rabbits had a mean
potassium secretion of 3.62 0.37 pmolesmmmin, which signifi-
cantly decreased to 1.52 0.21 pmolesmmmin after addition of
amiloride, but no additional effect was observed after the addition of
ouabain. The transepithelial voltage (VT) became less positive after
exposure to amiloride. Cortical collecting tubules from DOCA-treated
animals exhibited significantly greater potassium secretion (28.6 9.4
pmolesmm 'mm). Amiloride totally inhibited potassium secretion,
and VT reversed polarity in these tubules. In tubules from adrenalec-
tomized rabbits the removal of luminal sodium inhibited potassium
secretion by approximately 44% but had no effect on VT. There
remained, however, a substantial amount of potassium secretion in the
absence of transepithelial sodium flux. Thus, potassium secretion in the
cortical collecting tubule is highly dependent on sodium reabsorption
under conditions of mineralocorticoid stimulation but significantly less
so in adrenalectomized animals. Potassium secretion in the cortical
collecting tubule of adrenalectomized rabbits is inhibited independent
of VT and occurs, in part, by an apparent electroneutral process.
Chronic exposure to mineralocorticoids appears to stimulate electro-
genie sodium reabsorption and potassium secretion.
Sécrétion de potassium dans le tubule collecteur cortical: effets de Ia
concentration de l'ainiloride, de l'ouabaine et du sodium luminal. Cette
étude a permis d'examiner l'effet de l'inhibition du transport de sodium
(Na) par l'amiloride, l'ouabaine et Ia supression du Na luminal sur la
sécrétion de potassium (K) dans des tubules collecteurs corticaux isolés
de lapins surrénalectomisés et stimulés par la DOCA. Les tubules
collecteurs de lapins surrénalectomisés avaient une sécrétion moyenne
de K de 3,62 0,37 pmolesmm'min , qui diminuait significative-
ment a 1,52 0,21 pmolesmm•min aprés addition d'amiloride,
mais aucun effet supplémentaire n'était observe apres addition
d'ouabaine. Le voltage transepithélial (VT) devenait moms positifaprés
exposition a l'amiloride. Les tubules collecteurs corticaux des animaux
traités a Ia DOCA présentaient une sCcrétion de K significativement
plus élevée (28,6 9,4 pmo1es-mm-min). L'amiloride inhibait
totalement Ia sécrétion de K, et VT inversait sa polarité dans ces
tubules. Dans les tubules de lapins surrénalectomisés, Ia suppression de
Na luminal inhibait Ia sécrétion de K d'environ 44% mais n'avait pas
d'effet sur VT. II restait, cependant, une quantitC substantielle de K
sécrété en l'absence de flux transCpithélial de Na. Ainsi, Ia sécrétion de
K dans le tubule collecteur cortical est très dépendante de la
reabsorption de Na dans des conditions de stimulation
minéralocorticoide, mais significativement moms chez les anirnaux
surrénalectomisés, La sécrdtion de K dans Ic tubule collecteur cortical
de lapins surrdnalectomisés est inhibée indépendamment de VT Ct se
produit en partie par un processus apparemment Clectroneutre.
L'exposition chronique aux mindralocorticoides parait stimuler la
reabsorption électrogène de Na et Ia sCcrétion de K.
Previous investigators have demonstrated that the cortical
collecting tubule, a principal site for potassium (K) secretion [I,
2], responds to chronic mineralocorticoid stimulation by sub-
stantially increasing K secretion, transepithelial lumen-negative
voltage, and sodium (Na) reabsorption [3—5]. Potassium secre-
tion correlates well with the transepithelial voltage (VT) in the
cortical collecting tubule when VT is lumen negative and
increases with the magnitude of the lumen-negative voltage [4,
6]. Indeed, VT has been viewed as a principal determinant of K
secretion in the cortical distal nephron perfused in vivo [7]. The
origin of this lumen-negative VT is almost certainly electrogenic
Na transport, through conductive apical Na entry and
electrogenic Na extrusion at the basolateral membrane via the
Na pump (Na-K-ATPase). Thus, K secretion in the
mineralocorticoid-replete state depends largely on Na reabsorp-
tion, and conditions that inhibit transepithelial Na transport
also inhibit K secretion. Removal of luminal Na [61, the addition
of ouabain [8], or the administration of luminal amiloride [9]
abolishes the lumen-negative VT as well as K secretion.
The properties of cortical collecting tubules from adrenalec-
tomized rabbits are in sharp contrast to those observed in
tubules from mineralocorticoid-stimulated rabbits. These tu-
bules generally exhibit a lumen-positive VT but also secrete K
actively [10]. Ouabain does not influence this VT but substan-
tially inhibits K secretion [8]. Thus, it would be instructive to
determine whether inhibition of luminal Na entry has an effect
on K secretion and VT in tubules from mineralocorticoid-
deplete animals that is similar to the effect in tubules from
mineralocorticoid-stimulated animals. Moreover, does inhibi-
tion of Na-K-ATPase by ouabain further reduce amiloride-
insensitive K secretion? The present studies examined the
effect of inhibition of transepithelial Na transport by three
different maneuvers on K secretion in cortical collecting tubules
from mineralocorticoid-deplete (adrenalectomized) and miner-
alocorticoid-stimulated animals.
Methods
Female New Zealand White rabbits, weighing between 1 and
2 kg, were used in these studies. The rabbits were maintained
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on standard rabbit ration (Ralston Purina, St. Louis, Missouri,
USA) and allowed free access to food and water until experi-
mentation.
In vivo protocol. There were two groups of animals: (1) a
group of rabbits receiving 1 1-desoxycorticosterone acetate
(DOCA) in oil, 5 mg/day, for 7 to 14 days before experimenta-
tion, and (2) a group of bilaterally adrenalectomized rabbits.
Adrenalectomized rabbits underwent bilateral adrenalectomy
at least 7 days before experimentation and were maintained on
0.12 M sodium chloride drinking water. Care was taken during
surgery to examine for ectopic adrenal tissue and to avoid
rupture of the adrenal capsule during adrenalectomy. Adrenal-
ectomized rabbits were given a daily injection of
dexamethasone (100 /Lg/day) for the first 2 postoperative days,
but received no steroids thereafter. Plasma aldosterone values
were determined by Hazelton Laboratories (Vienna, Virginia,
USA).
In vitro protocol. Segments of rabbit cortical collecting
tubules were isolated and perfused in vitro as originally de-
scribed by Burg et al [11]. Briefly, rabbits were decapitated, one
kidney was quickly removed, and coronal slices ito 2 mm thick
were placed in a chilled petri dish containing an artificial
ultrafiltrate of plasma, Solute concentrations in this solution
were (in millimolar): sodium 145, potassium 5, chloride 112,
bicarbonate 25, calcium 1.8, P04 2.3, magnesium 1.0, SO4 1.0,
acetate 10, glucose 8, and alanine 5. The dissection, bath, and
perfusion solutions were identical except that 5% vol/vol fetal
calf solution was added to the dissection and bath solutions. In
the experiments with Na-free perfusate either tetramethylam-
monium or choline replaced Na iso-osmotically. The perfusate
contained 50 Ci'ml1 of [methoxy-3H] inulin, exhaustively
dialyzed according to Schafer, Troutman, and Andreoli [12]. All
solutions were gassed to pH 7.4 with a 95% 02/5% CO2 mixture.
Dissection proceeded superficially from the corticomedullary
junction until a branch point was identified. Tubules were cut
just distal to the branch point and proximal to the corticomedul-
lary junction and were transferred to a thermostatically con-
trolled perfusion chamber. The two ends of the tubule were
aspirated into holding pipettes, and the perfusion pipette was
advanced approximately 100 pm beyond the holding pipette.
The VT was monitored continuously as described previously
[13]. All tubules were perfused at 37 0.5°C and were allowed
to equilibrate for at least 60 mm. Perfusate that had coursed
through the tubule was collected under water-equilibrated min-
eral oil in a constant-volume pipette. The bath fluid was
exchanged continuously by a constant-infusion pump at a rate
of 0.64 cm3min.
Volume reabsorption was determined by timed measure-
ments of the collected fluid using the following equation: Jv =
(CPMJCPM1—l)Vc,/L, where Jv is net volume reabsorption;
CPMO and CPM1 are the [3H] inulin counts per minute per
nanoliter in collected and perfused fluid, respectively; V0 is the
collected fluid rate; and L is the tubular length. In all experi-
ments the absolute magnitude of volume reabsorption was less
than 0.1 nFmmmin'. Potassium concentration of perfused
and collected fluid was measured by helium glow photometry as
detailed previously [10] or by flameless atomic absorption
spectrophotometry. The net K flux (JK) was calculated as
follows: JK = ([K]1—[K]0)V0/L, where [K]1 and [K]0 are the K
concentrations in picoequivalents per nanoliter of the perfused
and collected fluids, respectively. 1K is less than zero when
there is net K secretion. The term K secretion will denote the
negative value of JK.
Three experimental protocols were used. In the first group of
tubules two experimental periods followed a control period of at
least three collections. The collection periods were approxi-
mately 10 to 15 mm. During the first experimental period,
amiloride (10-s M) was added to the perfusate, and after 20 mm
at least three collections were obtained. In the second experi-
mental period, with amiloride still present in the luminal fluid,
ouabain l0- M was added to the bath and at least three
additional collections were obtained after 30 mm.
In the second protocol tubules were alternately perfused with
either an artificial ultrafiltrate of plasma (solutions as listed
before) or an identical solution in which choline or
tetramethylammonium replaced Na. No difference could be
detected whether choline or tetramethylammonium was used as
the substituted ion. The bath solution was identical to the
previously listed solution. After equilibration at 37°C at least
three and generally four collections were made for K determina-
tion. The luminal fluid was then exchanged for the Na-
containing or Na-free perfusate. Most experiments were con-
ducted initially with Na-free perfusate to ensure the least
amount of luminal Na. However, no difference could be de-
tected when the sequence of perfusions was reversed. The [Na]
in collected fluid remained below the limit of detection (< 2
pEq/nl). At least three and generally four collections were again
obtained for K determination. Perfusate samples were handled
and analyzed in the same manner. Samples were analyzed by
flameless atomic absorption spectrophotometry (1951/655)
(Allied Analytic, Andover, Massachusetts, USA) at K wave-
length of 766.5 nm by diluting the original sample (56 nl) in 400
pi of ultrahigh purity (18 megohm) water containing 1:500
Ultrex (J.T. Baker Chemical Co., Phillipsburg, New Jersey,
USA). Sample delivery into the furnace was 5 to 15 d by
Eppendorf digital pipette, and all samples were run at least six
times. Operating conditions were optimized for K, and the Na
channel was set to detect background amounts of Na (detection
limit < 2 pEq/nl). The K concentrations of standards from
2.5-30 pEq/nl gave a linear absorbance between 0.200 and 1.100
absorbance units.
In the third group of tubules the change in VT on luminal
substitution of 45 mrvi K for 45 m Na was recorded to compare
the relative K conductance of the apical membrane of cortical
collecting tubules from adrenalectomized and DOCA-treated
rabbits. These experiments were conducted with amiloride
(l0 M) in the lumen. Strictly speaking, these measurements
reflect transepithelial conductance. To the extent that paracel-
lular K conductance is small [6], the changes reflect the apical
K transference number or relative ionic conductance.
Statistical analyses were performed using analysis of vari-
ance, or Student's t test for paired or unpaired data as appropri-
ate. The null hypothesis was rejected at the 0.05 level of
significance.
Amiloride was a gift of Merck Sharp and Dohme (West Point,
Pennsylvania, USA). DOCA was a gift of Organon Pharmaceut-
icals (Maryland Heights, Missouri, USA) and was also pur-
chased from Sigma Chemical Co. (St. Louis, Missouri, USA).
Ouabain was obtained from Sigma Chemical Co.
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Table 1. Effect of amiloride and ouabain on potassium flux measurements in adrenalectomized animals
Tubule Collection rate, ni/mm [KI — [K}0, pEqini Transepithelial voltage, mV JK, pmolesmmtmin'
length
mm Control Ama Am + Oua1' Control Am Am + Oua Control Am Am + Oua Control Am Am + Oua
1.70 2.71 1.81 1.56 —2.7 —0.7 —0.5 +11.0 +6.8 +2.7 —4.43 —0.79 —0.40
1.40 2.56 3.03 1.83 —2.1 —0.7 —1.2 +2.5 +2.3 +1.7 —4.81 —1.81 —1.35
2.80 2.31 1.27 1.54 —6.0 —3.9 —0.9 +1.5 +6.5 +3.5 —3.11 —1.68 —1.22
2.12 1.09 1.24 1.58 —5.6 —1.3 —2.8 +3,7 +2.0 +0.4 —2.80 —0.80 —1.95
2.06 1.21 1.40 1.30 —4.6 —2.6 —2.5 +9.0 +2.4 +1.8 —2.66 —1.74 —1.55
1.62 3.12 3.62 2.14 —1.5 —0.7 —0.4 +7.0 +1.5 +0.5 —2.83 —1.52 —0.52
1.20 2.31 5.14 3.27 —2.7 —0.6 —1,0 +1.5 +2.4 +1.4 —4.67 —2.30 —2.61
Mean 1.84 2.19 2.50 1.89 —3.6 13c,d +5.2 +3.4 +l.7C —3.62 —l.52 1,37cd
SaM 0.20 0.29 0.56 0.25 0.67 0.48 0.36 1.4 0.84 0.42 0.37 0.21 0.29
Abbreviations: Am, amiloride; Oua, ouabain; JK, potassium flux.
a Amiloride, iO M, was added to the luminal fluid.
b Amiloride, 10 M, remained in the luminal fluid and ouabain, 10 M, was added to the bath.
The value is statistically different from the control value (P <0.05).
d The value is statistically different from zero (P < 0.05).
Table 2. Effect of amiloride and ouabain on potassium flux measurements in DOCA-treated animals
Tubule Collection rate, ni/mm [Kim — [Ki0, pEqini Transepithelial voltage, mV JK, pmolesmm'mi,r'
length
mm Control Ama Am + Oua" Control Am Am + Oua Control Am Am + Oua Control Am Am + Oua
2.16 5.73 2.50 2.66 —6.5 —1.0 —1.4 —11.8 +2.0 +1.0 —17.0 —1.13 —1.66
1.66 4.88 4.39 3.34 —23.3 0.1 0.3 —38.0 +7.0 +5.0 —66.6 +0.48 +0.64
1.62 4.36 5.50 3.38 —2.7 0.5 1.1 +1.0 +12.3 +10.2 —7,0 +2.46 +2.35
2.50 5.56 3.54 2.00 —5.7 —0.2 —0.2 —9.8 +11.0 +5.0 —14.0 —0.37 —0.18
1.20 4.53 2.60 3.21 —5.4 0.2 0.3 —28.0 +13.7 +14.0 —20.1 +0.48 +0.63
1.86 3.60 3.00 3.40 —24.2 0.1 0.1 —33.7 +2.0 +3.5 —46.6 +0.19 +0.28
Mean 1.83 4.77 3.58 3.00 —11.3 —0.05 0.03 —20.1 +8.OC +6.5C —28.6 +0.35C +0,34C
5EM 0.18 0.32 0.49 0.23 4.0 0.21 0.34 6.3 2.1 2.0 9.4 0,49 0.53
Abbreviations: Am, amiloride; Oua, ouabain; JK, potassium flux.
Amiloride, iO M, was added to the luminal fluid.
b Amiloride, iQ 54, remained in the luminal fluid and ouabain, l0- M, was added to the bath.
C The value is statistically different from the control value (P < 0.05).
Results
The results of the first protocol are given in Tables 1 and 2
and are illustrated in Figure 1. There was significant K secretion
in the cortical collecting tubules from these glucocorticoid- and
mineralocorticoid-deplete animals (Fig. 1). The amount of K
secretion was comparable to K secretion in isolated cortical
collecting tubule from adrenalectomized rabbits that were re-
ceiving a maintenance dose of dexamethasone (50 pg/day) [8,
10]. Amiloride significantly inhibited K secretion in tubules of
adrenalectomized rabbits (3.62 0.37 pmolesmm1min' vs.
1.52 0.21 pmolesmm'min; P < 0.01). After the addition
of i0 M ouabain to the bath, K secretion was 1.37 0.29
pmolesmm 'min', a value that was not significantly different
from the K secretion in the presence of amiloride alone. In this
group the residual K secretion after amiloride and after
amiloride plus ouabain was significantly greater than zero. In
contrast, luminal amiloride (10 M) totally inhibited K secre-
tion in tubules from DOCA-treated rabbits; hence, ouabain
(l0- M) had no further effect on K transport when added to the bath.
Whereas amiloride had a consistent effect of decreasing K
secretion in both groups, its effect on VT was significantly
affected by the mineralocorticoid status of the animals
(amiloride vs. mineralocorticoid interaction significant by anal-
ysis of variance; P < 0.01). The mean VT in adrenalectomized
and DOCA-treated animals during control, amiloride, and ami-
loride-plus-ouabain periods is shown in Figure 2. In cortical
collecting tubules from adrenalectomized rabbits, the VT after
amiloride was not significantly different from control values.
However, VT decreased slowly and progressively in all but two
animals. The addition of ouabain did not noticeably change this
decline in VT.
This effect of amiloride on VT in collecting tubules from
adrenalectomized rabbits is different from the effect of
amioride on VT in tubules from DOCA-treated animals. In the
latter instance there was a consistent depolarization of the
lumen-negative voltage after amiloride was added. In most
cases the lumen-positive VT after amiloride from DOCA-treated
animals was more positive than the spontaneous VT in the
adrenalectomized group; this suggested an additional effect of
DOCA to stimulate cation secretion or anion reabsorption.
Although the control VT of tubules from DOCA-treated animals
was, on the average, significantly more lumen-negative than the
VT of tubules of adrenalectomized or normal rabbits, the mean
voltage was less negative than that reported by other investiga-
tors [3—51. Several maneuvers were performed to ensure that
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Fig. 1. Effect of amiloride and ouabain on K secretion of cortical
collecting tubules from adrenalectomized and DOCA -treated rabbits.
K secretion is expressed as pmolesmmmin*
the animals actually were receiving a maximal active mm-
eralocorticoid dose. Even personal administration of DOCA,
ensuring that DOCA was not exposed to light, or changing to
another supplier of DOCA, did not increase the lumen-negative
VT significantly. Examination of the tubules by light micros-
copy during perfusion or by transmission electron microscopy
alter perfusion (in the laboratory of Dr. C. Craig Tisher)
disclosed no abnormality suggesting cellular damage. More-
over, the K secretion rate was similar to K secretion rates
reported by other investigators [3—5]. Of note, one DOCA-
treated tubule had a lumen-positive voltage by the time of
measurement of control K flux. The administration of amiloride
induced an abrupt increase in the lumen-positive voltage that
was similar to the increase that was seen in tubules from other
DOCA-treated animals with markedly negative voltages. This
was in contrast to the general decline in lumen-positive voltage
in collecting tubules from adrenalectomized rabbits. In the one
adrenalectomized rabbit in which there was a large increase in
VT alter the addition of luminal amiloride, the change in VT was
gradual, over a period of 15 to 20 mm, as opposed to the
relatively abrupt change in voltage that occurred in the DOCA-
treated group after amiloride.
The results of perfusion of tubules from adrenalectomized
animals with Na-free solution are shown in Table 3. During
perfusion with Na-containing perfusate (Na = 145 mM), K
secretion was 10.5 2.00 pmoles-mm'-min'. When these
same tubules were perfused with Na-free perfusate, K secretion
was significantly less, 5.90 1.06 pmoles•mm1min1. Except
for one tubule, however, there was no abrupt change in VT on
exposure to Na-containing perfusate or removal of Na from the
Fig. 2. Effect of amiloride and ouabain on transepithelial voltage (VT) of
cortical collecting tubules from adrenalectomized and DOCA -treated
rabbits. VT is in mV, with reference to the bath.
lumen. With a Na-free perfusate all tubules exhibited signifi-
cantly less K secretion, but in all tubules K secretion remained
significantly greater than zero. These tubules displayed a sig-
nificantly greater rate of K secretion than that previously
observed. The reason for this difference is not readily apparent,
although a greater perfusion rate was chosen in these studies.
However, despite the differences in the rates of K secretion
during the control period, the degree of inhibition of K secretion
with Na removal (44%) was similar to that with amiloride
addition (58%). The mean VT in these tubules under Na-free
conditions (9.7 2.4 mV) was not significantly different from
the mean VT perfused with Na (5.4 3.7 mV).
A group of cortical collecting tubules from four DOCA-
treated and from four adrenalectomized rabbits was perfused in
vitro in the presence of i0 M amiloride in the lumen. The VT
in tubules from adrenalectomized rabbits changed by —3.5
1.4 mV when luminal K concentration was increased to 50 mEq/liter.
In contrast, the same maneuver in tubules from DOCA-stimulated
rabbits produced a —20.3 3.5 mV change in VT. These data are
listed in Table 4 and suggest an increased relative K conductance
associated with chronic mineralocorticoid stimulation.
Discussion
The present studies were designed to examine the depen-
dence of K secretion on luminal Na entry and on a basolateral
Na-K pump in cortical collecting tubules of adrenalectomized
rabbits and DOCA-treated animals. Specifically, they were
designed to determine the proportion of K secretion that
depends on luminal Na entry under conditions of mineralocor-
ticoid deficiency and excess.
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Table 3. Effect of luminal Na removal on K secretion in cortical collecting tubules of adrenalectomized animals
Tubule length
mm
Collection rate, ni/mm [K], — [K
Control
], pEq/nl
Na-Free
Transepithelia1 voltage, mV JK, pmoles mm'min1
Control Na-Free Control Na-Free Control Na-Free
2.00 8.64 8.24 —2.5 —2.3 +10.0 +8.0 —11.1 —8.12
1.62 5.55 7.17 —4.4 —1.8 —6.0 +8.4 —14.4 —7.61
1.42 5.38 4.70 —3.7 —3.0 +3.4 +4.0 —13.2 —6.30
1.30 8.42 6.52 —1.5 —1,3 +3.5 +9.3 —10.7 —5.33
1.10 9.69 4,38 —0.3 —0.6 +16.0 +18.6 —2.95 —2,16
Mean 1.49 7.54 6.20 —2.48 +5,38 +9.66 —10.5
SEM ±0.15 ±0.87 ±0.73 ±0.74 ±0.41 ±3.68 ±2.41 ±2.00 ± 1.06
a The value is significantly different from the control value (P < 0.05).
b The value is significantly different from zero.
Table 4. Effect of increasing luminal K to 50 mas on VT in cortical
collecting tubulesa
DOCA-treated Adrenalectomized
5mMK
mV
5OmMK 5mMK
mV
5OmMK
+6.0
+8.0
+1.0
+ 10.0
+6.3 ± 1.93
—10.0
—16.0
—12.0
—18.0
—14.0 ± 182b
+1.0
+1.0
+3.0
+4.0
+2.3 ± 0.75
+0.5
—1.0
—1.5
—3.0
—1.3 ± 0.72
a Amiloride, l0- at, was present during all periods.b Statistically different from the control value (P < 0.05).
Adrenalectomized rabbits used in these experiments received
no glucocorticoid replacement to assess whether or not the
small maintenance dose of dexamethasone used in previous
studies [8, 10] had any effect on K secretion. Because of the
small but statistically insignificant residual K flux after ouabain
in the adrenalectomized group in a previous study [81, the
present study examined three means of inhibiting Na transport:
luminal amiloride addition, peritubular ouabain addition, and
luminal Na removal. In the first series amiloride was used to
inhibit Na entry. Ouabain was added to the bath and further
collections were obtained to test the completeness of inhibition
by amiloride. In the second series of experiments transepithelial
Na transport was inhibited by luminal Na removal. The present
investigations provide the following previously unexamined
points: (1) K secretion is active in cortical collecting tubules of
adrenalectomized rabbits maintained without supplemental
adrenocortical hormones. (2) Inhibition of Na entry with
amiloride totally inhibits K secretion in cortical collecting
tubules of DOCA-treated rabbits. (3) Inhibiting Na transport
significantly inhibits K secretion in tubules from adrenalecto-
mized rabbits independent of VT, but there remains a Na-
insensitive component of K secretion. (4) In adrenalectomized
animals the effect of amiloride on K secretion appears to be
totally due to its effect on Na transport, since the residual K
secretion after addition of amiloride to the luminal fluid is not
significantly inhibited by addition of l0- M ouabain to the bath.
(5) The sensitivity of VT to amiloride depends on the mm-
eralocorticoid status of the animal. In contrast to the prompt
reversal of the lumen-negative VT of mineralocorticoid-stim-
ulated animals, there is no immediate effect of amiloride on the
lumen-positive VT of adrenalectomized rabbits. VT appears to
decrease in this group, but the difference was only statistically
significant approximately 60 mm after addition of amiloride.
Although several investigators [3—5, 14—16] have examined
the nature of the effect of mineralocorticoid stimulation on
solute transport in the collecting tubule, few studies have
examined the converse, that is, mineralocorticoid or adrenocor-
tical depletion. These studies establish that selective glucocor-
ticoid replacement is not necessary for active K secretion.
However, the most interesting findings of these studies are the
observations that either luminal amiloride addition or Na re-
moval only partially inhibits cortical collecting tubule K secre-
tion in adrenalectomized animals. Furthermore, the following
observations suggest that both the Na-sensitive and Na-
insensitive K secretion in the adrenalectomized group is by an
apparent electroneutral process: (1) Luminal Na removal or
amiloride addition did not significantly affect VT, which sug-
gests that the relative luminal Na conductance is small. (2)
Likewise, an increase in luminal [K] did not significantly affect
VT which suggests that the relative luminal K conductance is
small. (3) Moreover, continued exposure to amiloride resulted
in a decline in VT, which would actually favor increased K
secretion. Luminal or mucosal amiloride generally depolarizes
the basolateral membrane [16—18]. It is unlikely that inhibiting
Na entry in these tubules inhibited K secretion by apical
hyperpolarization, because this would require greater
hyperpolarization of the basolateral membrane than of the apical
membrane to explain the observed data. Hyperpolarization of the
basolateral membrane would also enhance basolateral K uptake and
mitigate the effect of luminal hyperpolarization on K secretion.
Amiloride did not totally inhibit K secretion in the adrenal-
ectomized group. Similarly, K secretion was only partially
inhibited by removal of luminal Na. This later observation
suggests that the residual K secretion is not linked directly to
Na reabsorption. Ellison, Velazquez, and Wright [191 have
suggested that K secretion in the distal cortical nephron of the
rat occurs in part by neutral potassium chloride secretion. The
present observations are consistent with such a proposed
mechanism of K secretion. The augmentation of K secretion in
the presence of luminal Na could be due to alterations in
Na-mediated chloride transport.
Whereas amiloride had a prompt, reproducible effect on VT in
cortical collecting tubules of DOCA-treated rabbits that was
completely consistent with an inhibition of conductive Na entry
at the luminal membrane, the effect of amiloride on VT in
collecting tubules of adrenalectomized rabbits was not as con-
Amiloride and cortical collecting tubule 891
sistent (becoming less positive in five tubules and more positive
in two tubules), not as abrupt (it was often difficult to distin-
guish between an effect of amioride and spontaneous fluctua-
tion in VT), or not of similar magnitude or sign (mean change in
adrenalectomized group + 1.8 mV versus mean change in
DOCA-treated group of —12.1 mY). Regardless of the initial (—
10mm) changes in VT, there was a gradual decline in VT that did
not appear to be altered by the addition of peritubular ouabain.
The origin of this lumen-positive VT is not established, but it is
possible that this may represent, in part, an electrogenic ex-
change of protons for Na or some other cation. This is a
particularly interesting hypothesis because amiloride has been
shown to inhibit bicarbonate reabsorption in this segment [201.
Finally, reduction in both Na and K conductances observed
in tubules from adrenalectomized rabbits could be due to a
concomitant decrease in partial K and Na conductance and
total membrane conductance or to a decrease in partial K and
Na conductance associated with an increase in total transepi-
thelial conductance (due to an increase in partial conductance
of some shunting ion). The latter possibility is consistent with
the observations of Helman and O'Neil [211 that mineralocor-
ticoids decrease chloride conductance. Thus, mineralocorti-
coids may increase the electrical coupling of Na and K trans-
port. In the adrenalectomized animal cation transport may
depend more on a co-transported ion.
In summary, these data demonstrate that the mechanism of K
secretion by the cortical collecting tubule depends on the
mineralocorticoid status of the animal. Substantial K secretion
persists in tubules from adrenalectomized rabbits in the absence
of transepithelial Na transport, but totally depends on Na
transport in the mineralocorticoid-stimulated state. The data
further demonstrate that mineralocorticoids alter the cation
conductive properties of the cortical collecting tubule. The lack
of a significant increase in VT after amiloride in the adrenalec-
tomized group is consistent with either a nonconductive Na
reabsorptive process in this group or the predominant effect of
a shunt pathway in this epithelium to mitigate conductive Na
changes in membrane voltage. A unifying explanation for the
observed data could be that chronic mineralocorticoid stimula-
tion increases Na and K conductance relative to chloride
conductance. This would change the predominant mode of Na
reabsorption and K secretion from an apparent electroneutral
process in adrenalectomized rabbits to one that is predomi-
nantly electrogenic in mineralocorticoid-stimulated rabbits.
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